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La pr^sente invention est relative a des souches 
mutantes attenu^es d' Apicomplexes de la famille des 
Sarcocystidae, tels que Toxoplasma et Neospora, et a leurs 
utilisations vaccinales. 
5 Le phylum des Apicomplexes (embranchement 

Apicomplexa) , regroupe un grand nombre de parasites 
ma j oritairement intracellulaires . Ces parasites sont 
responsables de maladies telles que la toxoplasmoses la 
malaria, la neosporose, la coccidiose et la cryptosporidiose . 

10 lis ont en comraun un processus sp6cifique d' invasion de 
cellules hotes en plusieurs etapes, conduisant a la formation 
d' une vacuole parasitophore dans laquelle le parasite se 
ddveloppe (MENARD et al., Cell Microbiol. 3 : 63-73, 2001 ; 
SOLDATI et al., Int. J. Parasitol. 31 : 1293-1302, 2001). 

15 Toxoplasma gondii est un parasite protozoaire 

intracellulaire obligatoire, responsable de la toxoplasmose 
humaine et animale. II appartient d la famille des 
Sarcocystidae qui regroupe 6galement d'autres pathogenes 
majeurs de l'homme et de 1' animal, tels que Neospora ou 

20 Sarcocystis (LEVINE, The Protozoan Phylum Apicomplexa. Vol.1, 
CRC Press, Boca Raton, FL, p. 203, 1988 ; TENTER et al., Int. 
J. Parasitol. 32 (5) : 595-616, 2002). Son cycle de vie 
pr6sente deux aspects distincts : un cycle « asexu6 » chez un 
hote intermediaire, tel que l'homme, la souris, les ovins et 

25 les porcins, conduisant a la production de tachyzoites puis 
de kystes contenant des bradyzoites ; et un cycle « sexue » 
chez le chat conduisant a la production d'oocystes (contenant 
des sporozoites) elimines dans les f£ces. 

La toxoplasmose animale pose un probleme 

30 <§conomique important dans le domaine de 1'elevage agricole. 
Elle atteint tous les animaux de rente. La transmission a ces 
animaux se fait par 1' ingestion d'oocystes, formes de 
resistance emises dans 1'environnement par des chats infectfes 
par un toxoplasme pathogene. Chez les ovins, les caprins et 

35 les pores infectes pendant la gestation, elle provoque des 
avortements. Dans 1' Union Europeenne dont le cheptel ovin est 
estime a 100 millions de tetes, 1 million d'agneaux sont 
perdus chaque annee du fait d' avortements toxoplasmiques . 
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Par ailleurs la consommation de viande (surtout 
mouton et pore) infect^e par la presence de bradyzoltes , est 
la principale source des infections humaines. Contracts 
pendant la grossesse, la toxoplasmose est la 2* me cause des 
5 malformations cong6nitales . En outre, au cours des vingt 
dernieres annees, ce parasite est apparu comme un pathogene 
opportuniste, a l'origine d' enc^phalites chez les patients 
sid^ens . 

La mise au point de vaccins conferant une 

10 protection contre les parasitoses a Apicomplexa, fait 1'objet 
de nombreuses recherches. Deux strategies principales sont 
employees : 1) 1' identification d'antigenes parasitaires 
capables d'induire une r^ponse immune protectrice, et 
1' incorporation de ces antig&nes dans des compositions 

15 vaccinales ; 2) la selection de souches de parasites 
att^nuees. Par exemple, dans le cas de la toxoplasmose, il a 
<§t6 propose d'utiliser differentes souches attenu^es de 
Toxoplasma gondii (Brevet US 5,045,313 ; Brevet US 
4,473,549 ; Demande de Brevet US 2002/0164754 ; Demande de 

20 Brevet GB 2 204 323), pour conferer aux mammiferes une 
immunity anti-toxoplasmes . 

Les etapes clefs de 1' infection par les 
Apicomplexes, et en particulier par Toxoplasma gondii, sont 
1' attachement du parasite aux cellules-hotes, suivi de 

25 1' invasion de celles-ci. L'appareil invasif des Apicomplexes 
implique l'exocytose sequentielle de deux types d'organelles 
secretoires : les micronemes et les rhoptries. 

De recentes etudes ont mis en Evidence le role 
central des micronemes dans la reconnaissance des cellules- 

30 hotes, et 1' adhesion a celles-ci. Les prolines des 
micronemes, d6sign6es sous 1' appellation g6n£rique « MICs » 
contiennent des modules homologues aux domaines d' adhesion de 
prolines d'eucaryotes superieurs (TOMLEY et SOLDATI, Trends 
Parasitol. 17 : 81-88, 2001). 

35 Un e douzaine de proteines MICs sont actuellement 

connues chez Toxoplasma gondii (SOLDATI et al., Int. J. 
Parasitol. 31 : 1293-1302, 2001). Certaines d'entre elles 
sont des proteines transmembranaires, par exemple MIC2 de 
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Toxoplasma gondii, d6nommee TRAP chez Plasmodium 
(MATUSCHEWSKI et al., EMBO J. 21 : 1597-1606, 2002) ; les 
autres sont des proteines solubles qui sont cibl£es vers les 
micron^mes et redistributes a la surface du parasite au cours 
5 de l'invasion, en association avec les proteines 
transmembranaires . 

Recemment, deux proteines solubles MIC1 et MIC3, 
capables de se lier a la surface de cellules hotes, ont 6t6 
caracterisees chez T. gondii (ACHBAROU et al., Mol. Biochem. 

10 Parasitol., 47, 223-233, 1991 ; FOURMAUX et al., Mol. 
Biochem. Parasitol. 83 : 201-210, 1996 ; GARCIA-REGUET et 
al., Cell. Microbiol. 2 : 353-364, 2002). 

La proteine MIC1 contient un dornaine dupliqu6 en 
tandem poss<§dant une lointaine homologie avec le dornaine de 

15 type TSP-1 de TRAP, et prtsente une specificite de liaison au 
lactose (LOURENCO et al., Glycobiol. 11 : 541-547, 2001). 

La proteine MIC3 est un dimere de poids 
moleculaire apparent de 90 kDa forme de deux sous-unites de 
38 kDa relives par des ponts disulfures. MIC3 contient cinq 

20 domaines de type EGF dont deux sont chevauchants, et un 
dornaine de type « dornaine de liaison a la chitine », riche en 
ponts disulfures, et qui apparait necessaire pour la liaison 
a la surface de la cellule hote (GARCIA-REGUET et al., 2000, 
pr6cit6; CEREDE et al., EMBO J. 21: 2526-2536, 2002). 

25 MIC1 et MIC3 s'associent a d' autres proteines 

MICs pour former deux complexes independants, MIC1/4/6 et 
MIC3/8. Les proteines transmembranaires MIC6 et MIC8 jouent 
le role de transporteurs pour cibler respectivement les 
proteines MIC1/4 et MIC3 vers les micron^mes. La proteine 

30 MIC1 est indispensable pour que le complexe MIC1/4/6 puisse 
quitter les compartiments precoces de la voie de secretion 
(REISS et al., J. Cell Biol. 152 : 563-578, 2001). 

II a recemment et£ montre que la proteine MIC3 de 
Toxoplasma gondii constitue un antigene vaccinal majeur, 

35 suscitant une r<§ponse immunitaire humorale pr6coce et trds 
forte (Demande PCT WO 01/64243). 

Dans le but d' 6tudier le role de MIC1 et MIC3 
dans la capacite d' invasion et la virulence de Toxoplasma 
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gondii, les Inventeurs ont construit des souches mutantes de 
T. gondii, dans lesquelles l'une et/ou 1' autre des adh6sines 
MIC1 et MIC3 ont 6t6 inactiv£es. 

lis ont constats que 1' inactivation de MIC1 
diminue d' environ 50% la capacity d' invasion des fibroblastes 
in vitro, alors que celle de MIC3 ne modifie pas cette 
capacite d' invasion ; 1 ' inactivation simultan6e des deux 
proteines ne modifie pas signif icativement la capacite 
d' invasion par rapport a 1 ' inactivation de MIC1 seule. La 
virulence in vivo n'est que tres peu affectee par 
1' inactivation isol£e de MIC1 et MIC3 ; en revanche, elle est 
fortement diminu^e par 1 ' inactivation simultan^e des deux 
proteines . 

Les Inventeurs ont en outre constate que malgre 
1' absence des antigenes majeurs que constituent MIC1 et MIC3, 
une souche double mutante de Toxoplasma gondii dans laquelle 
ces deux proteines sont inactiv^es permet d'obtenir une 
protection vaccinale efficace vis-a-vis de la toxoplasmose. 

lis ont ensuite entrepris d'etudier les 
caracteristiques infectieuses et protectrices de ladite 
souche sur l'animal, en particulier sur les souris et les 
brebis . 

lis ont ainsi mis en evidence que la vaccination 
par cette souche protege les animaux contre la formation de 
kystes cerebraux lors d'une reinfection par une souche 
sauvage pathogene de Toxoplasma gondii ; ce qui diminue 
considerablement la portee d'une infection par cette souche 
sauvage pathogene, le risque de passage transplacentaire dans 
le cas de femelles gestantes, et la possibility de 
transmission par consommation de la viande des animaux 
vaccinas, et done a terme permet de faire baisser la 
prevalence g6n§rale de 1' infection. 

La presente invention a done pour objet une 
souche mutante d'un Apicomplexe de la f ami lie des 
Sarcocystidae f comprenant une mutation inactivant l'adh6sine 
MIC1 et une mutation inactivant l'adhesine MIC3. 
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Selon un mode de realisation prefere de la 
presente invention, ledit Sarcocystidae est choisi parmi 
Toxoplasma et Neospora . 

Selon une disposition pr6feree de ce mode de 
5 realisation ladite souche mutante est une souche de 
toxoplasme, notamment de Toxoplasma gondii. 

On entend ici par ; 

- « mutation inactivant 1'adhesine MIC1 » toute 
mutation resultant dans 1' absence d' expression de MIC1, ou 

10 dans 1' expression d'une proteine MIC1 non-f onctionnelle, 
c'est-a-dire incapable de former un complexe avec les 
proteines MIC4 et MIC6, ou incapable de lier le lactose. 

- « mutation inactivant 1'adhesine MIC3 » toute 
mutation resultant dans 1' absence d' expression de MIC3, ou 

15 dans 1' expression d'une proteine MIC3 non-f onctionnelle, 
c'est-a-dire ayant perdu sa fonction de liaison a la surface 
d' une cellule-hote . 

Des exemples de mutations resultant dans 
1' absence d' expression de MIC1 ou de MIC3 sont notamment la 

20 delation de la totality du gene correspondant, ou de sa 
region codante, ou de sa region promotrice. Des exemples de 
mutations resultant dans 1' expression d'une proteine MIC3 
non-f onctionnelle sont notamment des mutations affectant la 
region du gene mic3 codant pour le domaine de type : 

25 « domaine de liaison a la chitine de la proteine MIC3 », a 
savoir les acides amines 84-144 de ladite proteine. II peut 
s'agir notamment de mutations affectant au moins le 
tryptophane en position 126 ou la phenylalanine en position 
128 de la proteine MIC3. 

30 Ces mutations peuvent etre effectu^es de maniere 

classique par insertion, deletion, ou substitution d'une ou 
plusieurs bases au niveau de la sequence visee. 

A titre d' exemples non-limitatif s de techniques 
de mutagenese et de transformation utilisables chez les 

35 toxoplasmes, on citera notamment celles d^crites dans les 
publications suivantes : KIM et al., (Science 262 : 911-914, 
1993) ; DONALD et ROOS, (Mol. Biochem. Parasitol. 63 : 243- 
253, 1994) ; SOLDATI et al., (Mol. Biochem. Parasitol. 74 : 
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87-97, 1995) ; DONALD et ROOS, (Mol . Biochem. Parasitol. 91 : 
295-305, 1998) . 

La presente invention a 6galement pour objet 
1' utilisation d'une souche mutante d' Apicomplexa, et 
notamment de toxoplasme, conforme a l 1 invention, pour 
l'obtention d'un vaccin destine a conferer une immunite 
protectrice contre une parasitose k Apicomplexa , en 
particulier contre la toxoplasmose . 

La presente invention a aussi pour objet un 
vaccin caracterise en ce qu' il comprend en tant que principe 
actif, une souche mutante d' Apicomplexa et notamment de 
toxoplasme, conforme a 1' invention, telle que definie 
precedemment . 

La presente invention sera mieux comprise a 
l'aide du complement de description qui va suivre, qui se 
refere a des exemples de construction de mutants de 
Toxoplasma gondii dans lesquels MIC1 et/ou MIC3 sont 
inactivees, et d' utilisation vaccinale d'un double mutant 
dans lequel MIC1 et MIC3 sont inactivees. 

II doit etre bien entendu toutefois que ces 
exemples sont donnas uniquement a titre d' illustration de 
1' objet de l f invention dont ils ne constituent en aucune 
mani^re une limitation. 

EXEMPLE 1 : INACTIVATION DE MI CI ET/OU MIC3 CHEZ T. GONDII. 

Plasmides utilises : 

Les plasmides pmic3KO-l et pmic3K0-2 ont 6te 
utilises respectivement pour construire le simple mutant 
mic3K0 a partir de la souche RHhxgprt" et le double mutant 
micl-3KO A partir de la souche miclKO. Les plasmides 
pM3MIC3ty et pM2MIClmyc + pM3MIC3 6te utilises respectivement 
pour restaurer 1' expression de MIC3 dans le mutant mic3KO 
{souche mic3KO+MIC3) , et pour restaurer 1' expression de MIC1 
et MIC3 dans le double mutant micl-3KO (souche 
micl-3KO+MICl-3) 

Plasmide pmic3KO-l 

La region 3'UTR du gdne Mic3 (2136 pb) a 6t6 
amplifiee par PCR a partir du plasmide pBlueMIC3 (CEREDE et 
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al., 2002, precite) , qui resulte de 1' insertion d'un fragment 
d'ADN genomique de 2247 pb (GenBank AJ132530) de T. gondii au 
site NotI du plasmide pBluescript II® SK(-). 

Pour 1' amplification, les amorces ML9 : 
5 5 ' -GTGTAAGCTTCAGCGAGTCTCTGAGAG- 3 ' (SEQ ID NO : 1) et ML10 : 
5 ' -GGGGTACCGAGCTCATGAGCAGAAGCTGCCAG-3' (SEQ ID NO : 2) ont 
ete utilisees. La zone amplifiee a ete clonee entre les sites 
de restriction Hindlll et Kpnl du plasmide pminiHXGPRT 
(DONALD ET ROOS, 1998, precite) . Un fragment d'ADN de 1977 pb 
10 de la region 5'UTR de Mic3, a ete obtenu par digestion 
Xbal/Nhel d'un fragment EcoRI de 3,5 kb de la sequence 
genomique en 5' de Mic3, et clone au site Xbal de 
pminiHXGPRT . 

Le plasmide resultant, qui contient le marqueur 
15 de selection HXGPRT (hypoxanthine-xanthine-guanine 

phosphoribosyl transferase), encadre par les regions 
flanquant en 3' et 5' 1'ORF de mic3, a ete denomme pmic3KO-l. 
Plasmide pmxc3KO-2 

Les regions 3'UTR et 5' UTR de mic3, obtenues 
20 comme decrit ci-dessus, ont ete inserees dans le plasmide 
pTUB/CAT (KIM et al., 1993, precite), de part et d' autre de 
la sequence codant pour le marqueur de selection 
chloramphenicol acetyl transferase (CAT) , aux memes sites de 
restriction que ceux decrits pour le plasmide pmniHXGPRT . 
25 Le plasmide resultant, contenant le marqueur de 

selection CAT, encadre par les regions flanquant en 3' et 5' 
1'ORF de mic3, a ete denomme pmic3KO-2. 
Plasmide pM3MIC3ty 

Ce plasmide a ete construit a partir du plasmide 
30 pT8GFPPfmyoAtail (HETMANN et al., Mol . Biol. Cell 11 : 1385- 
1400, 2000) , dans lequel a ete ajoute un epitope TY (BASTIN 
et al., Mol. Biochem. Parasitol. 77(2) : 235-239, 1996) entre 
les sites Nsil et Pad. Ce plasmide contient le promoteur de 
la tubuline entre les sites Kpnl et EcoRI et le g£ne codant 
35 pour la GFP borde des sites EcoRI et Nsil. 

La region du promoteur de Mic3 (562 pb) a ete 
amplifiee par PCR a partir du plasmide pBlueMIC3 avec les 
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amorces ML23 : 5' -CTGAATTCAGATCTTACCAGTGTTGGACAAGG-3 ' (SEQ ID 
NO : 3) et ML24 : 5' -GGGGTACCCCTTGCTAGGTAACCACTCGTGC-3' (SEQ 
ID NO : 4), et inser6e a la place du promoteur de la tubuline 
aux sites Kpnl et EcoRI. 
5 L' amorce ML24 permet d'introduire un site de 

restriction Bglll en amont du site EcoRI et de doner ensuite 
le g£ne Mic3 a la place du gene codant pour la GFP aux sites 
Bglll et Nsil. 

La sequence codant pour MIC3 a 6te amplifi6e par 

10 PGR k partir du plasmide pBlueMIC3 avec les amorces ML11 : 
5 ' -GCAC AATTGAGATCTAAAATGCGAGGCGGGACGTCC - 3 ' (SEQ ID NO : 5) et 
ML15 : 5 f -TGCTATGCATTCCTAGGCTGCTTAATTTTCTCACACGTCAC- 3 9 (SEQ 
ID NO : 6) introduisant respectivement les sites de 
restriction Bglll et Nsil. 

15 Plasmides pM2MIClmyc et pM3MIC3 

Le plasmide pM2MIClmyc (REISS et al., J. Cell 
Biol. 152 : 563-578, 2001) exprime la proteine MIC1, 
6tiquetee par 1' Epitope myc a son extr^mite Oterminale, sous 
le contr61e des sequences flanquantes en 5' et en 3' du gene 
20 Mic2 

Le plasmide pM3MIC3 a ete construit par clonage 
d'un fragment PvuI/SacI de 2072 pb du vecteur pBlueMIC3, 
contenant le gene Mic3 et ses regions flanquantes en 5' et en 
3', entre les sites Sad et Pad du vecteur pT/230-TUB5/BLE 
25 (SOLDATI et al., Mol . Biochem. Parasitol. 74 : 87-97, 1995) 
contenant une cassette d' expression exprimant le marqueur de 
selection a la phleomycine. 

Construction des s ouches mutantes mic3KO et micl-3KO, et: des 

souches mutantes compleinentees mic3KO+MIC3 , et 

30 mlcl-3KO+MXCl-3 

L'haploidie du genome des Apicomplexes lors de la 
phase proliferative permet 1' invalidation du gene Mic3, en 
une seule recombinaison homologue. 

Tous les T. gondii utilises ont ete produits en 
35 fibroblastes humains (HFF) cultiv6s en milieu minimal de 
Dulbecco (DMEM) supplements par 10% de serum de veau foetal 
(FCS), 2 mM glutamine, 50 U/ml de penicilline et 50 ng/ml de 
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streptomycine . lis ont 6t6 recoltes lors de la lyse des 
cellules hotes. 

Souche mic3KO 

La souche de T. gondii utilis6e pour la 
5 mutagenese est la souche RHhxgprt" (DONALD et ROOS, 1998, 
pr6cite), deficiente pour le gene de 1' hypoxanthine-xanthine- 
guanine phosphoribosyl transferase (HXGPRT) , et de ce fait 
sensible a l'acide mycoph6nolique . 

80-100 (ig de plasmide pmic3KO-l purifi6 puis 
10 linearise par Kpnl ont et6 ajoutes a 10 7 tachyzoltes 
RHhxgprt" mis en suspension dans du milieu d' electroporation 
CYTOMIX (VAN DEN HOFF et al., Nucleic Acids Res. 20 : 2902, 
1992), et 1 ' electroporation a ete r^alisee en cuvette d'ecart 
4 mm, dans un volume de 800 ^1 sur appareil BTX Electrocell 
15 Manipulator (Param£tres : 2 kV, R=48 ohms) . 

Apres Electroporation, les tachyzoltes ont 6t§ 
deposes sur une monocouche de cellules HFF en culture. Pour 
la selection des mutants, le lendemain de 1' Electroporation, 
le milieu de culture a §te supplements par 1' agent de 
20 selection (25 ng/ml d'acide mycophenolique et 50 fxg/ml de 
xanthine) , et trois passages en culture sont ef fectu6s dans 
ce milieu. 

Cinq jours apr&s le dernier passage, les 
parasites sont clones par dilution limite dans les puits 
25 d' une plaque £ 96 puits de cellules HFF, en presence d' agent 
de selection, et les clones retenus sont amplifies. 
Souche mxcl-3KO 

La souche de T. gondii utilisee pour la 
mutagenese est la souche miclKO (REISS et al., J. Cell Biol, 
30 152 : 563-578, 2001) qui derive de la souche RHhxgprt" 
decrite ci-dessus par deletion du g£ne Micl remplace par le 
gene codant pour 1' HXGPRT dans la souche miclKO. 

80-100 \iq de plasmide pmic3KO-2 purifi§ puis 
Iin6aris6 par Kpnl ont 6te ajout6s £ 10 7 tachyzoltes miclKO 
35 pour une electroporation dans les conditions decrites ci- 
dessus . 
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Les mutants ont ete selectionnes et clones comme 
decrit ci-dessus, en presence de 20 de chloramphenicol 
comme agent de selection. 

Les mutants dans lesquels MIC3 a 6te inactiv£e 
5 sont d6nommes rnic3KO, et ceux dans lesquels MIC1 et MIC3 ont 
6t6 inactiv6es sont d6nommes micl-3KO. 
Souche m±c3KO+MIC3 

L' expression de MIC3 a et6 restaur^e par co- 
transfection des parasites mic3KO avec 100 )iig du vecteur 
10 pM3MIC3ty, et 10 jig du plasmide pTUB/CAT. 

La selection a 6t6 effectuee en presence de 20 
de chloramphenicol comme decrit ci-dessus . 

La souche mic3KO compl£mentee par MIC3 est 
denomm6e mic3KO+MIC3 . 

15 Souche micl-3KO+MICl-3 

L' expression de MIC1 et MIC3 a 6t§ restauree par 
co-transf ection des parasites micl-3KO avec 100 ng du vecteur 
pM2MIClmyc / et 10 ^g du plasmide pM3MIC3. 

Les mutants ont 6te selectionn6s et clones comme 
20 decrit ci-dessus, en presence de 10 ixg/ml de phl6omycine 
comme agent de selection. 

La souche micl-3KO complements par MIC1 et MIC3 
est denomm<§e micl-3KO+MICl-3 . 

Les proteines totales des mutants mic3KO, micl- 
25 3KO, mic3KO+MIC3, et micl-3KO+MICl-3 ont ete analysees par 
61ectrophor6se SDS-PAGE et transfert de Western. Apres 
extraction des prot§ines totales par ebullition des cellules 
dans du tampon SDS (en presence ou non de DTT 0,1 M) et 
separation sur gels de polyacrylamide 10%, les prot6ines ont 
30 ete transferees sur membrane de nitrocellulose. Les 
transferts de Western ont ete marques comme decrit par 
GARCIA-REGUET et al . (1998, precit6) a l'aide d'anticorps 
monoclonaux anti-MIC3 (T42F3 au 1:400) et anti-MICl (T101F7) 
puis detectes par des IgG de chevre anti-souris conjugu6s a 
35 la phosphatase alcaline (1 :1000). Les resultats sont 
present6s dans la Figure 1. 

L£gende de la Figure 1 : 
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1 = souche sauvage de Toxoplasma gondii RH 

2 - mutant mic3K0 

3 = mutant mic3KO+MIC3 

4 = mutant miclKO (REISS et al . , 2001) 

5 5 = mutant miclKO+MICl (REISS et al., 2001) 

6 = mutant micl-3KO 

7 = mutant micl-3KO+MICl-3 

Les resultats montrent que 1' expression de MIC3 
est indetectable dans mic3KO (2) et micl-3KO (6) mais est 

10 restauree dans mic3KO+MIC3 (3) et micl-3KO+MICl-3 (7). 
L' expression de MIC1 est indetectable dans miclKO (4) et 
micl-3KO (6) mais est restaur6e dans miclKO+MICl (5) micl- 
3KO+MIC1-3 (7) . 

Ces resultats ont ete confirm^s par 

15 immunofluorescence. Les tachyzoites cultives une nuit sur 
monocouche de cellules HFF, ont et6 lavds en PBS,et fixes par 
du formaldehyde 4% pendant 20 min. Apres 3 lavages, les 
cellules HFF infectees ont §t£ perm^abilisees avec 0,1% de 
Triton X-100 dans du PBS pendant 10 min, la reaction a et6 

20 arretee par 10% de s6rum de boeuf foetal (FBS) pendant 30 min., 
puis les cellules ont 6t6 incubees avec l'anticorps primaire 
(mAb anti-MICl T101F7, mAb anti-MIC3 T42F3) dilue dans 2% FBS 
pendant 40 min., lavees et puis incubees avec un anticorps 
secondaire (chSvre anti-souris coupl<§ au FITC, et rouge Texas 

25 chevre anti-lapin) . Les observations ont ete realis6es sur un 
microscope Leica DMRA2 6quip<§ pour 1' epif luorescence et les 
images ont ete enregistr6es avec une camera Princeton 
coolSNAP CCD. 

Les resultats montrent qu'aucune proteine MIC3 
30 n'est detectable dans des tachyzoites mic3KO, alors qu'une 
expression de MIC3de type sauvage est observ6e dans les 
micronemes des souches compl6ment6es (mic3KO+MIC3, micl- 
3KO+MIC1-3) . La complementation de MIC1 dans miclKO+MICl et 
micl-3KO+MICl-3 conduit a une certaine accumulation de MIC1 
35 dans la vacuole parasitophore et dans l'espace perinucleaire . 
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EXEMPLE 2 ; EFFETS DE L' XNACTXVATIOK DE MICl ET/OU MIC3 SUR 
LES PROPRIETES INFECTIEUSES DE T. GONDII 

Les mutants de Toxoplasma gondii deer its a 

l'exemple 1 ci-dessus, ont et6 entretenus par passages 

r6guliers sur cellules HFF cultivees en milieu DMEM 

supplements par 10% de serum de veau foetal (FCS) , 2 mM 

glutamine, 50 U/ml de pdnicilline et 50 |ig/ml de 
streptomycine . 
Capacite d' invasion 

2xl0 5 tachyzoites de miclKO, miclKO+MICl, mic3KO 
et micl-3KO purifies ont 6t6 ajout^s a des cellules HFF 
cultivees sur des lamelles couvre-objet en verre. Les 
cellules ont ete fix6es pendant 12h puis colorees en 
utilisant un melange bleu de m£thyl£ne-6osine (kit RAL 555), 
et montees sous lamelles, de fagon permanente (PERTEX, 
Microm, France) . Le nombre de vacuoles parasitaires , 
repr^sentant la capacity d' invasion du parasite, a ete compte 
dans 10 champs selectionn6s al^atoirement par lamelle, et les 
donnees ont <Ste presentees comme la moyenne de vacuoles par 
champ provenant de 4 lamelles, sur la base de 5 repetitions 
ind6pendantes . 

Le controle a et6 realise dans les memes 
conditions avec la souche RHhxgprt", dont la capacite 
d' invasion est comparable a celle de la souche sauvage RH de 
Toxoplasma gondii. 

Les r6sultats sont pr6sent6s dans la Figure 2 
(*** = invasion signif icativement inferieure, p<0,001). 

Les resultats montrent que la capacity d' invasion 
des parasites miclKO est dirninu6e d' environ 50% par rapport a 
celle de la souche controle RHhxgprt*". 

En revanche, la capacity d f invasion des parasites 
mic3KO et de ceux de la souche controle est comparable 
(Figure 2A) . La capacity d' invasion des parasites micl-3KO 
n'est pas signif icativement differente de celle des mutants 
miclKO (Figure 2A) , indiquant que MICl et MIC3 n'ont pas de 
fonction additive dans 1' invasion des fibroblastes par 
Toxoplasma gondii. 
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La complementation de miclKO par MIC1 restaure la 
capacite d' invasion a un niveau comparable de celui de la 
souche controle (Figure 2B) . 
Virulence 

5 Les souris meurent generalement 9 jours apres une 

infection par voie intraperitoneal par 20 tachyzoltes de la 
souche sauvage RH de Toxoplasma gondii. 

L f etude de la virulence des mutants miclKO, 
mic3KO, micl-3KO, miclKO+MICl, mic3KO+MIC3 et micl-3KO+MICl-3 
10 a ete realis6e sur un, lot de 10 souris males OF1 par 
injection intraperitoneal de 20 tachyzoites/souris de la 
souche micl-3KO, et en suivant le devenir des souris 
infectees . 

Les controles ont ete realises dans les memes 
15 conditions sur un lot de 9 souris males OF1 en utilisant la 
souche RHhxgprt", dont la virulence est comparable a celle de 
la souche sauvage RH de Toxoplasma gondi . 

Les resultats sont repr^sentes par la Figure 3. 
Legende des Figures 3A, 3B et 3C : 
20 ♦ = souche miclKO (A); souche mic3KO (B) ; souche 

micl-3KO (C) 

■ - souche miclKO+MICl (A) ; souche mic3KO+MIC3; 
souche micl-3KO-HMICl-3 (C) 

A = souche RHhxgprt" (A, B et C) 

25 Toutes les souris infectees par la souche 

RHhxgprt" sont mortes 9 jours apres 1' infection, Les souris 
infectees par miclKO ou mic3KO pr<§sentent un leger retard de 
la mortalite (mort des souris entre 9 et 22 jours apres 
1' infection) , qui n'est pas observe dans le cas des souris 

30 infectees par les mutants complementes miclKO+MICl et 
mic3KO+MIC3. Une seule des souris infectee par mic3KO est 
demeuree en vie 44 jours apres infection, et cet animal a 
developpe une reponse anticorps specif ique de T. gondii 
(resultats non presentes) . Ces resultats indiquent que 

35 1' inactivation isolee des gdnes Micl ou Mic3 ne conduit qu'a 
une legere diminution de la virulence chez les souris. 
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En revanche, dans le cas des souris infect6es par 
la souche micl-3K0, on observe une survie quasi totale (90% 
de survie 40 jours apres 1' infection) . La complementation de 
micl-3KO par MIC1 et MIC3 (souche micl-3KO+MICl-3) restaure 
5 complfetement la virulence des parasites. 

Les souris ont 6galement <§t6 infectees avec 
differentes quantites du double mutant micl-3KO et la dose 
letale (DL100) de micl-3KO a 6te comparde avec celle de la 
souche controle RHhxgprt". Alors que la DL100 a 9 jours de la 
10 souche controle est inferieure a 20 tachyzoites, celle de la 
souche micl-3KO est de 1'ordre de 2xl0 3 tachyzoites. 
EXEMPLE 3 : IMPLICATION DE LA FONCTION D' ADHESION DE MIC3 
DANS LA VIRULENCE DE TOXOPLASMA GONDII 

Determination de residus impliques dans la fonction 
15 d' adhesion de MIC3 

II a 6te montr<§ (CEREDE et al., 2002, pr^cite) 
que le domaine de type « domaine de liaison a la chitine », 
de MIC3 est essentiel pour la liaison £ la surface de la 
cellule hote. 

20 Differentes mutations ont ete introduites dans ce 

domaine, afin de determiner les residus essentiels a la 
f onctionnalite de MIC3. 

Les mutations effectu6es sont les suivantes : 
-substitution de l'un des residus cysteine aux 
25 positions 102 (mutant C102G) , 107 (mutant C107G) , 108 (mutant 
C108G) , par un r6sidu glycine ; 

-substitution du residu proline en position 103 
par un residu alanine (mutant P103A) ; 

-substitution de l'un des residus serine aux 
30 positions 109 (mutant S109A) et 130 (mutant S130A) par un 
residu alanine ; 

-substitution de l'un des residus tyrosine aux 
positions 96 (mutant Y96A) , 135 (mutant Y135A) , et 141 
(mutant Y141A), par un residu alanine ; 
35 -substitution de l'un des residus phenylalanine 

aux positions 97 (mutant F97A) , 121 (mutant F121A), et 128 
(mutant F128A) , par un r<§sidu alanine ; 
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-substitution du residu tryptophane en position 
126 par un residu alanine (mutant W126A) . 

Les positions des mutations sont indiqu^es par 
reference a la sequence polypept idique du precurseur de MIC3 
5 (Genbank CAB56644)* 

Les mutations ont ete effectuees par mutagen§se 
dirig6e par PCR (Quickchange®, Stratagene) , de la sequence 
codant pour la forme mature de MIC3, contenue dans le 
plasmide pOC2 (CEREDE et al . , 2002, prdcite) . 
10 Les plasmides obtenus sont respectivement 

denomm6s pC102 (mutant C102G) , pC107 (mutant C107G) , pC108 
{mutant C108G) , pP103 (mutant P103A) , pS109 (mutant S109A) , 
pS130 (mutant S130A) , pY96 (mutant Y96A) , pF97 (mutant F97A) , 
pF121 (mutant F121A) , pW126 (mutant W126A) , pF128 (mutant 
15 F128A), pY135 (mutant Y135A) , et pY141 (mutant Y141A) . 

Les plasmides ont 6t§ purifies en utilisant le 
kit Qiagen kit® (Qiagen) , et la presence des mutations 
attendues verifiee par s6quen<?age. 

Les proteines MIC3 mutantes ont ete exprim6es par 
20 transfection de cellules BHK-21 (Baby Hamster Kidney, ATCC 
CCL-10) cultivees dans du milieu BHK-21 (Gibco-BRL) 
supplements avec du s6rum de veau foetal (FCS) 5%, 2 mM de 
tryptose, 100 U/ml de p6nicilline et 100 \xg/ml de 
streptomycine . 

25 Pour chaque plasmide, 3xl0 5 cellules BHK-21 

prealablement cultivees sur des lamelles couvre-objet pendant 
24h dans des plaques 24 puits, ont 6t<§ transfectees avec le 
plasmide purifie, a 1'aide de Lipof ectamine®, selon les 
conditions preconisees par le fabricant (Gibco-BRL) . Les 

30 cellules ont 6te cultivees 24h de plus avant 1' analyse. 

Les propriety de liaison des proteines MIC3 
mutantes ont ete etudiees en analysant leur localisation dans 
les cellules BHk-21 transfectees- Les cellules BHK-21 
transfectees ont 6te fixees par du paraformaldehyde 3% dans 

35 du PBS pendant 15 min, puis lavees et perm^abilisees avec 
0,1% de Triton X-100 dans du PBS pendant 10 min. Les lamelles 
portant les cellules ont ensuite 6t6 lavees dans du PBS 
contenant 0,5% de SAB, et incubees pendant lh dans le m§me 



tampon contenant un anticorps anti-MIC3 (T82C10, 1 :200) ou 
anti-V5 (1 :500), puis pendant Ih avec une IgG de ch£vre 
conjuguee a la TRITC (Sigma, 1 : 400) , avec plusieurs lavages 
en PBS entre chaque incubation. Les lamelles ont ensuite 6te 
lav6es et mont6es sur des lames de microscope. La 
visualisation a 6t§ effectu6e a l'aide d'un microscope a 
epif luorescence . 

Quatre categories de mutants ont ete definies 
selon leur localisation. 

Dans la premiere cat6gorie (mutants C102G, C107G, 
C108G, Y141A, F121A) , la proteine est retenue dans le systeme 
s6cretoire ; dans la seconde cat6gorie (Y135A, Y96A, F97A, 
S109A, P103A) la protdine est secr6tee normalement et se lie 
h la surface des cellules transf ect6es, comme le fait la 
prot§ine MIC3 mature de type sauvage ; dans la troisieme 
catigorie, (W126A, Y128A) la proteine est s6cret£e 
normalement mais ne se lie pas d la surface des cellules 
transfectees ; dans la quatrieme cat6gorie (S130A) , la 
prot6ine est secr6t6e normalement et se lie k un r6seau de 
materiel cellulaire d6pos<§ par les cellules a la surface des 
plaques de verre. 

Ces resultats montrent que toutes les mutations 
affectant un r6sidu cysteine conduisent k un defaut majeur de 
secretion ; les prolines MIC3 mutantes correspondantes 
s'accumulent sous forme de larges vesicules p6rinucl6aires, 
indiquant que ces prolines sont mal repliees ou assemblies 
de mani^re incomplete. Ce resultat est coherent avec le role 
des cysteines dans le repliement du domaine. 

En ce qui concerne les autres substitutions, les 
deux mutations F121A et Y141A affectent igalement la sortie 
des proteines. Les autres mutants (Y135A, Y96A, F97A, S109A, 
P103A, W126A, F128A, S130A) sont tous exprimes sous forme de 
dimere et secretes. Deux d' entre eux (W126A, Y128A) ne se 
lient pas aux cellules BHK-21 transf ect6es . Du fait de la 
perte de ces propriites de liaison, ces deux mutants sont 
abondamment s6cret6s dans le surnageant. Dans le cas du 
mutant S130A, le marquage par les anticorps anti-MIC3 n'est 
pas associ^ avec la membrane plasmatique de la cellule 
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transf ectee, comme dans le cas de la proteine MIC3 de type 
sauvage, mais avec 1'espace intercellulaire, comme si la 
proteine R-MIC3 S130A etait liee au materiel cellulaire 
depose sur les plaques. 
5 Ces r6sultats montrent que les deux residus 

aromatiques W126 et Y128 sont impliques dans l r interaction 
avec le recepteur de la surface de la cellule hote, et que le 
residu S130 pourrait §galement contribuer aux propriety de 
liaison de MIC3en participant a la specif icite d' interaction . 
10 Implication des residus W126 et Y128 dans la virulence de T. 
gondii . 

Pour etudier le role de la fonction d' adhesion de 
MIC3 dans la virulence de T. gondii, des experimentations de 
complementation de la souche double mutante micl-3KO par les 

15 mutants W126A et F128A ont ete effectuees. 

Les plasmides pM3MIC3W126A, pM3MIC3F128A, et 
pM3MIC3Y135A, ont ete construits £ partir du plasmide 
pM3MIC3. Ces plasmides portent le g£ne de selection 3 la 
phleomycine, et expriment respectivement les mutants W126A, 

20 F128A, et Y135A. La presence des mutations attendues a et6 
vSrifiee par s6quen?age. 

La souche micl-3KO a et<§ transfectee par les 
plasmides pM3MIC3W12 6A (souche micl-3KO+MIC3W126A) ou 
pM3MIC3F128A (souche micl-3KO+MIC3F128A) . A titre de 

25 controles de liaison positifs la souche micl-3KO+MIC3 et la 
souche micl-3KO transfectee par le plasmide pM3MIC3Y135A 
(micl-3KO+MIC3Y135A)ont 6t<§ utilises 

L' expression des proteines MIC3 dans les 
diff£rentes souches a <§t6 analysee par transfert de Western, 

30 et leurs proprietes de liaison ont §t£ analysees par 
transfert de cellules. Le transfert de cellules a 6te r6alis6 
avec un double de la feuille de nitrocellulose utilis6e pour 
le transfert de Western, incub^e avec une suspension de 
cellules Mode-K (VIDAL et al., J. Immunol. Methods 166 : 63- 

35 73, 1993) cultiv6es dans du milieu RPMI (Bio Whittaker) 
supplements avec 5% de s§rum de veau fcetal (FCS), 25 mM 
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d'Hepes, 2 mM de glutamine, 100 U/rnl de p£nicilline et 
100 fig/ml de streptomycine . 

Les r^sultats sont pr^sentes dans les Figures 4A 
(transfert de Western) et 4B (transfert de cellules) . 

Legende des Figures 4A et 4B : 

1 = souche sauvage de Toxoplasma gondii RH 

2 = souche micl-3KO+MIC3 

3 = souche micl-3KO+MIC3W126A 

4 = souche micl-3KO+MIC3F128A 

5 = souche micl-3KO+MIC3Y135A 

Les r^sultats du transfert de Western montrent 
1' expression de proteines MIC3 dans toutes les souches. 
Toutes ces proteines migrent a la taille attendue pour un 
dim£re en conditions r6ductrices. Cependant, les proteines 
W126A et Y135A ont migre plus vite que les autres, ce qui 
suggere une modification de conformation. 

Les r§sultats du transfert de cellules montrent 
que comme attendu,les cellules se lient fortement & MIC3 
native (1), MIC3myc (2), et a MIC3 Y135A (5). En revanche, 
les cellules sont incapables de se lier a MIC3 W126A (3) et 
MIC3 F128A (4). D' autre part, la modification de conformation 
de MIC3 Y135A n'affecte pas ses propriety de liaison. 

Les souches micl-3KO+MIC3W126A, micl- 

3KO+MIC3F128A, et a titre de controle, micl-3KO+MIC3Y135A ont 
ete utilises pour analyser 1' implication de la fonction 
d f adhesion de MIC3 dans la virulence chez la souris. 
Analyse de la virulence des souches 

Le test de virulence a et<§ r6alis6 comme d6crit a 
1'exemple 2 : 20 tachyzoites de chaque parasite ont ete 
injectees par voie intrap6riton6ale dans des souris males OF1 
(lot de 11 a 20 souris) dont la survie a 6te suivie pendant 
40 jours. Les resultats sont presentes dans la Figure 5. 

Legende de la Figure 5 : 

♦ = souche micl-3KO 

■ = souche miclKO 

A = souche micl-3KO+MIC3 

o « souche micl-3KO+MIC3Y135A 
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+ = souche micl-3KO+MIC3F128A 
x - souche micl-3KO+MIC3W126A 

Comme attendu, les souris infectees avec micl- 
3KO+MIC3 se comportent de la meme fagon que les souris 
5 infectees avec miclKO, et meurent selon une cinetique 
similaire en 9-26 jours* La survie des souris infectees par 
la souche raicl-3KO+MIC3Y135A est sup6rieure (ce qui peut fetre 
du £ un adressage partiellement defectueux de la proteine 
MIC3 Y135A dans les vacuoles parasitophores) . 
10 En revanche, on observe, 40 jours aprds 

1' infection, une survie de respectivement 83,3% et 95% des 
souris infectees par la souche micl-3KO+MIC3W126A et 
micl-3KO+MIC3F128A. 

Ces resultats montrent que la fonction de liaison 
15 de MIC3 aux cellules hote est essentielle pour la virulence 
du parasite. 

EXEMPLE 4 : CARAC TERI ST I QUE S PROTECTRICES DU MUTANT micl-3KO 

Des experiences de vaccination contre Toxoplasma 
gondii par le mutant micl-3KO ont ete effectu6es sur des 
20 souris et des brebis. 
I- Chez la souris 

Protocole experimental 

Des lots de souris males OF1 ag£es de 9,5 
semaines, ont 6t6 trait6s comme suit : 
25 - 21 souris (lot 1) ont regu le mutant micl-3KO ; 

- 21 souris (lot 2) ont regu le mutant micl-3KO 
puis ont 6te reinfectees environ 1 mois plus tard par la 
souche de Toxoplasma gondii kystog^ne 7 6K ; 

- 10 souris (lot 3) ont 6t6 infectees par la 
30 souche de Toxoplasma gondii kystogdne 7 6K lors de la re- 
infection du lot 2. 

A JO, les souris des lots 1 et 2 ont regu 
20 tachyzoites du mutant micl-3KO par voie intraperitoneal. 

A J14, 1' infection des souris a et6 controlee par 
35 recherche de la presence d' IgG ant i- Toxoplasma gondii, a 
1'aide d' extrait total de toxoplasme (souche RH) . 
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A J37, les souris ef f ectivement immunisCes 
(presence d'IgG anti-toxoplasmes) du lot 2 (8 souris), et du 
lot 3 (8 souris) ont etC gavCes par 70 kystes de la souche de 
Toxoplasma gondii 7 6K. 
5 A J61/ les souris des trois lots ont ete 

sacrifices . On a recherchC la presence d'IgG anti-MIC3, due a 
1' infection par Toxoplasma gondii 76K, (puisque la souche 
vaccinale micl-3KO n' exprime pas cette protCine) et effectue 
un comptage des kystes cCrCbraux dans les broyats de cerveaux 
10 de ces souris (comptage sur cellule de Malassez ; la limite 
de detection est de 30 kystes par cerveau) . 

8 souris males OF1 nalves SgCes de 15 semaines ont £t£ gavCes 
avec 1/3 du cerveau de chacune des 8 souris du lot 2 
(controle de 1' absence de parasites cCrCbraux) . Une souris 

15 controle a regu 60 kystes de la souche de Toxoplasma gondii 
76K issus d'une souris du lot 3 (controle positif ) . 

A J82, on a recherche la presence d'IgG anti-MIC3 
chez les souris gavees & J61. 

A J103, les souris ont ete sacrifices et un 

20 comptage des kystes cCrCbraux a CtC effectuC. 
Resultats 

A J14 

Sur les 42 souris des lots 1 et 2, 8 sont mortes 
vers J10/ lors de la phase aiguS d' infection (ce qui reflete 

25 la sensibilite ClevCe des souris a la virulence rCsiduelle du 
mutant MIC1-3KO) ♦ Le controle de 1' infection par detection 
des IgG diriges contre les antigCnes parasitaires montre que 
16 souris sont negatives et done non infectCes. Les lots 1 et 
2 sont done respectivement reduits a 10 et 8 souris. 

30 A J61 

Recherche d'IgG anti-MIC3 

Aucune IgG anti-MIC3 n'a CtC detectCe dans le 
sCrum des souris du lot 1 (controle nCgatif ) , alors que la 
presence d' IgG anti-MIC3 a et§ dCtectCe dans le sCrum des 
35 souris du lot 3 (controle positif ) . La presence d'IgG anti- 
MIC3 a CtC detectee dans le serum des souris du lot 2, a 
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1' exception d'une souris qui ne pr6sente une tr£s faible 
reponse . 

Comptage de kystes cerebraux 

A l'examen microscopique, Les cerveaux des souris 
5 du lot 1 ne contiennent pas de kystes cerebraux (controle 
n§gatif ) , alors que cerveaux des souris du lot 3 contiennent 
de 2250 a 7250 kystes/cerveau soit une moyenne de 4037 
kystes/cerveau (controle positif ) . Chez les souris du lot 2, 
7 souris ne contiennent pas de kystes c6r6braux et une souris 
10 contient 30 kystes cerebraux (soit un seul kyste observe sur 
16 comptages de 10 \xl sur cellule de Malassez) . 
A J82 

Les souris nalves gav6es avec les cerveaux des 
souris du lot 2 presentent des IgG anti-MIC3. La souris 
15 controle ayant regu 60 kystes de la souche de Toxoplasma 
gondii 76K issus d'une souris du lot 3 pr§sente egalement des 
IgG anti-MIC3. 

A J103 

Les souris nalves gavees avec les cerveaux des 
20 souris du lot 2 presentent respectivement 500, 375, 1000, 
250, 165, 125, 310 et 375 kystes cerebraux. A titre de 
comparaison, la souris controle ayant regu 60 kystes de la 
souche de Toxoplasma gondii 76K pr^sente 2250 kystes 
c6r6braux, 

2 5 Conclusion 

Les souris immunis£es par le mutant micl-3KO ne 
forment pratiquement pas de kystes cerebraux lors d'une re- 
infection avec la souche de Toxoplasma gondii 7 6K (protection 
de 99, 9%) . 

30 En revanche, plusieurs des cerveaux de souris re- 

infect^es sont infectieux par voie orale, done 1' immunisation 
par la souche vaccinale micl-3KO n'est pas totalement 
sterilisante lors d'une re-inf ect ion . 
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II- Cas du mooton 
Protocole experimental 

A J0 / 2 brebis ont 6te vaccin6es par voie sous- 
cutan§e par 2xl0 6 parasites mutant micl-3K0. La vaccination 
5 n'a provoqu6 qu'une fi^vre passag£re de 41°C (temperature 
normale = 39°C) a J2-3. 

A J47 , Les brebis ont 6te mises £ la 
reproduction. 

A J133 , les brebis vaccinees ont subi 1' infection 
10 d'epreuve par administration per os de 400 oocystes, £ 
86 jours de gestation. Un groupe t6moin constitue de 7 brebis 
non vaccinees a subi la meme infection d'epreuve. 

A partir de J133, les brebis ont 6t6 mises en 
observation clinique quotidienne. 
15 Re sul tats 

Les 2 brebis vaccinees ont mis bas un agneau 
cliniquement sain a J196. 

Dans le lot t6moin non vaccina, les 7 brebis ont 
avorte, respectivement a J141 (1), J143 (2), J145 (1), J153 
20 (1) , J173 (1) et J183 (1) . 

III- Conclusion 

La vaccination par le mutant micl-3KO protege les 
animaux contre la formation de kystes cer6braux lors d' une 
eventuelle r6-inf ection . Cette protection reflete la capacity 

25 du sujet vaccine a 61iminer considerablement la portee d' une 
infection par une souche naturelle et done de limiter aussi, 
dans le cas d'une femelle gestante, le passage 
transplacentaire qui est la source des pertes 6conomiques 
dues a Toxoplasma gondii. 

30 Par ailleurs, la diminution considerable de la 

charge kystique minimise considerablement la possibility de 
transmission par consommation de la viande des animaux 
vaccinas, et permet done £ terme de faire baisser la 
prevalence g6n£rale de 1' infection par Toxoplasma gondii. 
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REV EN D I CAT I ON S 

1) Souche mutante d'un Apicomplexe de la famille 
des Sarcocystidae caract6ris§e en ce qu'elle comprend une 
mutation inactivant l'adh6sine MIC1 et une mutation 

5 inactivant l'adh6sine MIC3. 

2) Souche mutante selon la revendication 1, 
caracterisee en ce qu'il s'agit d'une souche de toxoplasme. 

3) Souche mutante selon la revendication 2, 
caracterisee en ce qu'il s'agit d'une souche de Toxoplasma 

10 gondii. 

4) Utilisation d'une souche mutante selon une 
quelconque des revendications 1 a 3, pour l'obtention d'un 
vaccin . 

5) Utilisation selon la revendication 4, 
15 caracterisee en ce que ledit vaccin est un vaccin anti- 

toxoplasmose . 

6) Vaccin comprenant une souche mutante selon une 
quelconque des revendications 1 £ 3 
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1st Filing 

The present invention relates to attenuated mutant 
strains of Apicomplexa of the family Sarcocystidae , 
such as Toxoplasma and Neospora, and to the uses 
thereof for vaccines. 

5 

The Apicomplex phylum (branch Apicomplexa) groups 
together a large number of predominantly intracellular 
parasites. These parasites are responsible for diseases 
such as toxoplasmosis, malaria, neosporosis, 

10 coccidiosis and cryptosporidiosis . They have in common 
a specific process of host cell invasion in several 
steps, resulting in the formation of a parasitophorus 
vacuole in which the parasite develops (Menard et al . , 
Cell Microbiol. 3: 63-73, 2001; Soldati et al . , Int. J . 

15 Parasitol. 31: 1293-1302, 2001). 

Toxoplasma gondii is an obligatory intracellular 
protozoan parasite responsible for human and animal 
toxoplasmosis. It belongs to the family Sarcocystidae, 
which also groups together other major pathogens of 
humans and of animals, such as Neospora or Sarcocystis 
(Levine, The Protozoan Phylum Apicomplexa. Vol. 1, CRC 
Press, Boca Raton, FL, p. 203, 1988; Tenter et al . , 
Int. J. Parasitol. 32(5): 595-616, 2002). Its life 
cycle has two distinct aspects: an "asexual" cycle in 
an intermediate host, such as humans, mice, ovine 
species and porcine species, "resulting in the 
production of tachyzoites and then of cysts containing 
bradyzoites; and a "sexual" cycle in cats, resulting in 
the production of oocysts (containing sporozoites) 
eliminated in the feces. 

Animal toxoplasmosis poses a considerable economic 
problem in the field of agricultural rearing. It 
35 affects all productive animals. Transmission to these 
animals takes place via the ingestion of oocysts, forms 
of resistance emitted into the environment by cats 
infected with a pathogenic toxoplasma. In ovine 
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species, caprine species and porcine species infected 
during gestation, it causes abortions. In the European 
Union, the ovine population of which is estimated at 
100 million heads, 1 million lambs are lost each year 
5 because of abortions due to toxoplasma. 

Moreover, the consumption of meat (especially mutton 
and pork) infected with the presence of bradyzoites is 
the main source of human infections. When contracted 
10 during pregnancy, toxoplasmosis is the 2nd most common 
cause of congenital malformations. In addition, over 
the last twenty years, this parasite has emerged as an 
opportunistic pathogen, responsible for encephalitis in 
AIDS patients. 

15 

The development of vaccines conferring protection 
against Apicomplexa parasitoses is the subject of 
numerous research studies . Two main strategies are 
employed: 1) the identification of parasitic antigens 

2 0 capable of inducing a protective immune response, and 

the incorporation of these antigens into vaccine 
compositions; 2) the selection of attenuated parasite 
strains. For example, in the case of toxoplasmosis, it 
has been proposed to use various attenuated strains of 
25 Toxoplasma gondii (patent US 5,045,313 ; patent US 
4,473,549; patent application US 2 002/0164754; patent 
application GB 2 204 323) for conferring anti- 
toxoplasma immunity on mammals. 

3 0 The key steps in Apicomplexa infection, and in 

particular infection with Toxoplasma, gondii, are the 
attachment of the parasite to the host cells, followed 
by invasion of the latter. The invasive apparatus of 
the Apicomplexa involves the sequential exocytosis of 
35 two types of secretory organelles: micronemes and 
rhoptries . 
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Recent studies have demonstrated the central role of 
micronemes in the recognition of host cells, and the 
adhesion to the latter. The microneme proteins, 
referred to under the generic name u MICs" contain 
5 modules homologous to the adhesion domains of higher 
eukaryotic proteins (Tomley and Soldati, Trends 
Parasitol. 17: 81-88, 2001). 

A dozen or so MIC proteins are currently known in 
10 Toxoplasma gondii (Soldati et al . , Int. J. Parasitol. 
31: 1293-1302, 2001). Some of them are transmembrane 
proteins, for example MIC2 of Toxoplasma gondii, called 
TRAP in Plasmodium (Matuschewski et al . , EMBO J. 21: 
1597-1606, 2002) ; the others are soluble proteins which 
15 are targeted to the micronemes and redistributed at the 
surface of the parasite during invasion, in combination 
with the transmembrane proteins . 

Recently, two soluble proteins, MIC1 and MIC3 , capable 

2 0 of binding to the surface of host cells, have been 

characterized in T. gondii (Achbarou et al . , Mol . 
Biochem. Parasitol., 47, 223-233, 1991; Fourmaux et 
al., Mol. Biochem. Parasitol. 83: 201-210, 1996; 
Garcia-Reguet et al . , Cell. Microbiol. 2: 353-364, 
25 2002) . 

The MIC1 protein contains a tandem duplicated domain 
which has a distant homology with the TSP-l-type domain 
of TRAP, and exhibits a lactose-binding specificity 
30 (Lourenco et al . , Glycobiol . 11: 541-547, 2001). 

The MIC3 protein is a dimer with an apparent molecular 
weight of 90 kDa, formed from two subunits of 3 8 kDa 
connected by disulfide bridges. MIC3 contains five EGF- 

3 5 type domains, two of which are overlapping, and a 

domain of "chitin-binding domain" type, rich in 
disulfide bridges, and which appears to be necessary 
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for binding to the surface of the host cell (Garcia- 
Reguet et al . , 2000, mentioned above; Cerede et al . , 
EMBO J. 21: 2526-2536, 2002). 

5 MIC1 and MIC3 associate with other MIC proteins so as 
to form two independent complexes, MICl/4/6 and MIC3/8. 
The transmembrane proteins MIC6 and MIC8 play the role 
of transporters for targeting respectively the MICl/4 
and MIC3 proteins to the micronemes. The MIC1 protein 
10 is essential for the MICl/4/6 complex to be able to 
leave the early compartments of the secretion pathway 
(Reiss et al . , J. Cell Biol. 152: 563-578, 2001). 

It has recently been shown that the MIC3 protein of 
15 Toxoplasma gondii constitutes a major vaccine antigen 
which gives rise to an early and very strong humoral 
immune response (PCT application WO 01/64243). 

With the aim of studying the role of MIC1 and MIC3 in 

2 0 the invasive capacity and the virulence of Toxoplasma 

gondii, the inventors have constructed mutant strains 
of T. gondii, in which one and/or the other of the 
adhesins MIC1 and MIC3 has/have been inactivated. 

25 They have noted that the inactivation of MIC1 decreases 
by approximately 50% the invasive capacity with respect 
to fibroblasts in vitro, whereas the inactivation of 
MIC3 does not modify this invasive capacity; the 
simultaneous inactivation of the two proteins does not 

3 0 significantly modify the invasive capacity compared 

with the inactivation of MIC1 alone. The virulence in 
vivo is only very slightly affected by the isolated 
inactivation of MIC1 and MIC3; on the other hand, it is 
greatly decreased by the simultaneous inactivation of 
3 5 the two proteins. 
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The inventors have also noted that, despite the absence 
of the major antigens constituted by MIC1 and MIC3, a 
double mutant strain of Toxoplasma gondii in which 
these two proteins are inactivated makes it possible to 
5 obtain an effective vaccine protection with respect to 
toxoplasmosis. 

They have subsequently undertaken to study the 
infectious and protective characteristics of said 
10 strain on animals, in particular on mice and ewes. 

They have thus demonstrated that vaccination with this 
strain protects the animals against the formation of 
brain cysts when there is a re-infection with a 
15 pathogenic wild- type strain of Toxoplasma, gondii, which 
considerably decreases the scope of an infection with 
this pathogenic wild-type strain, the risk of 
transplacental passage in the case of gestating 
females, and the possibility of transmission by 

2 0 consumption of meat of the immunized animals, and 

therefore, in the end, makes it possible to bring down 
the general prevalence of the infection. 

A subject of the present invention is therefore a 
25 mutant strain of an Apicomplex of the family 
Sarcocystidae , comprising a mutation which inactivates 
the adhesin MIC1 and a mutation which inactivates the 
adhesin MIC3 . 

3 0 According to a preferred embodiment of the present 

invention, said Sarcocystidae is chosen from Toxoplasma 
and Neospora . 



35 



According to a preferred arrangement of this 
embodiment, said mutant strain is a strain of 
toxoplasma, in particular of Toxoplasma gondii. 
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Herein, the expression: 

"mutation which inactivates the adhesin MIC1" is 
intended to mean any mutation resulting in the 
absence of expression of MIC1, or in the 
5 expression of a nonfunctional MIC1 protein, i.e. 

incapable of forming a complex with the MIC4 and 
MIC6 proteins, or incapable of binding lactose; 
and 

"mutation which inactivates the adhesin MIC3" is 
10 intended to mean any mutation resulting in the 

absence of expression of MIC3, or in the 
expression of a nonfunctional MIC3 protein, i.e. 
having lost its function of binding to the surface 
of a host cell . 

15 

Examples of mutations resulting in the absence of 
expression of MIC1 or MIC3 are in particular the 
deletion of the entire corresponding gene, or of its 
coding region, or of its promoter region. Examples of 

20 mutations resulting in the expression of a 
nonfunctional MIC3 protein are in particular mutations 
affecting the region of the mic3 gene encoding the 
domain of type: "chitin-binding domain of the MIC3 
protein" , i.e. amino acids 84-144 of said protein. They 

25 can in particular be mutations affecting at least the 
tryptophan at position 126 or the phenylalanine at 
position 128 of the MIC3 protein. 

These mutations can be made conventionally by 
30 insertion, deletion or substitution of one or more 
bases in the targeted sequence. 

By way of nonlimiting examples of mutagenesis and 
transformation techniques which can be used in 
35 toxoplasmas, mention will in particular be made of 
those described in the following publications: Kim et 
al., (Science 262: 911-914, 1993); Donald and Roos , 
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(Mol. Biochem, Parasitol . 63: 243-253, 1994); Soldati 
et al., (Mol. Biochem. Parasitol. 74: 87-97, 1995); 
Donald and Roos, (Mol. Biochem. Parasitol. 91: 295-305, 
1998) . 

5 

A subject of the present invention is also the use of a 
mutant strain of Apicomplexa , and in particular of 
toxoplasma, in accordance with the invention, for 
obtaining a vaccine intended to confer protective 
10 immunity against an Apicomplexa parasitosis, in 
particular against toxoplasmosis. 

A subject of the present invention is also a vaccine, 
characterized in that it comprises, as active 
15 ingredient, a mutant strain of Apicomplexa, and in 
particular of toxoplasma, in accordance with the 
invention, as defined above. 

The present invention will be understood more clearly 
20 -from the further description which follows, which 
refers to examples of construction of Toxoplasma gondii 
mutants in which MIC1 and/or MIC3 are inactivated, and 
of use, for a vaccine, of a double mutant in which MIC1 
and MIC3 are inactivated. 

25 

It should be clearly understood, however, that these 
examples are given only by way of illustration of the 
subject of the invention, for which they in no way 
constitute a limitation. 



30 
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EXAMPLE 1: INACTIVATION OF MIC1 AND/ OR MIC3 IN 
T. GONDII 

Plasmicis used; 

5 

The plasmicis pmic3KO-l and pmic3KO-2 were used, 
respectively, to construct the single mutant mic3K0 
from the RHhxgprt" strain and the double mutant 
micl-3KO from the miclKO strain. The plasmids pM3MIC3ty 
10 and pM2MIClmyc + pM3MIC3 were used, respectively, to 
restore the expression of MIC3 in the mic3KO mutant 
(strain mic3KO+MIC3) , and to restore the expression of 
MIC1 and MIC3 in the double mutant micl-3KO (strain 
micl-3KO+MICl-3) . 

15 

Plasmid pmic3KO-l 

The 3'UTR region of the MJc3 gene (2136 bp) was 
amplified by PCR from the plasmid pBlueMIC3 (Cerede et 
20 al . , 2002, mentioned above), which results from the 
insertion of a genomic DNA fragment of 2247 bp (GenBank 
AJ132530) of T. gondii at the NotI site of the plasmid 
pBluescript II® SK ( - ) . 

25 For the amplification, the primers ML9 : 

5 ' - GTGTAAGCTTCAGCGAGTCTCTGAGAG - 3 ' ( SEQ ID NO : 1 ) and 
ML10 : 5 ' - GGGGTACCGAGCTCATGAGCAGAAGCTGCCAG - 3 ' (SEQ ID 
NO: 2) were used. The amplified region was cloned 
between the Hindlll and Kpnl restriction sites of the 

30 plasmid pminiHXGPRT (Donald and Roos , 1998, mentioned 
above) . A DNA fragment of 1977 bp of the 5 ' UTR region 
of Mic3 was obtained by Xbal/Nhel digestion of an EcoRI 
fragment of 3 . 5 kb of the 5' genomic sequence of Mic3 , 
and cloned into the Xbal site of pminiHXGPRT. 

35 

The resulting plasmid, which contains the HXGPRT 
(hypoxanthine -xanthine -guanine phosphor ibosyl transferase) 
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selection marker, bordered by the regions flanking, in 
the 3' position and 5' position, the ORF of mlc3 , was 
called pmic3KO-l. 

5 Plasmid pmic3KO-2 

The 3'UTR and 5 ' UTR regions of mic3 , obtained as 
described above, were inserted into the plasmid 
pTUB/CAT (Kim et al . , 1993, mentioned above), on either 
10 side of the sequence encoding the chloramphenicol 
acetyl transferase (CAT) selection marker, at the same 
restriction sites as those described for the plasmid 
pmniHXGPRT. 

15 The resulting plasmid, containing the CAT selection 
marker, bordered by the regions flanking, in the 3' 
position and 5' position, the ORF of mic3 , was called 
pmic3KO-2 . 

2 0 Plasmid pM3MIC3ty 

This plasmid was constructed from the plasmid 
pT8GFPPfmyoAtail (Hetmann et al . , Mol . Biol. Cell 11: 
1385-1400, 2000), in which a TY epitope (Bastin et al . , 
25 Mol. Biochem. Parasitol . 77(2): 235-239, 1996) has been 
added between the Nsil and Pad sites. This plasmid 
contains the tubulin promoter between the Kpnl and 
EcoRI sites of the gene encoding GFP, bordered by the 
EcoRI and Nsil sites. 

30 

The Mic3 promoter region (562 bp) was amplified by PCR 
from the plasmid pBlueMIC3 with the primers ML.23 : 
5 ' - CTGAATTCAGATCTTACCAGTGTTGGACAAGG- 3 ' ( SEQ ID NO : 3 ) 
and ML24: 5 ' -GGGGTACCCCTTGCTAGGTAACCACTCGTGC- 3 ' (SEQ ID 
35 NO: 4), and inserted in place of the tubulin promoter 
at the Kpnl and EcoRI sites. 
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The primer ML24 makes it possible to introduce a Bglll 
restriction site upstream of the EcoRI site and to then 
clone the Mic3 gene in place of the gene encoding GFP 
at the Bglll and Nsil sites. 

The sequence encoding MIC3 was amplified by PCR from 
the plasmid pBlueMIC3 with the primers 
ML11 : 5 ' -GCACAATTGAGATCTAAAATGCGAGGCGGGACGTCC-3 ' 
(SEQ ID NO: 5) and 

ML1 5 : 5 ' -TGCTATGCATTCCTAGGCTGCTTAATTTTCTCACACGTCAC - 3 ' 

(SEQ ID NO: 6) introducing, respectively, the Bglll and 
Nsil restriction sites. 

Plasmids pM2MIClmyc and pM3MIC3 

The plasmid pM2MIClmyc (Reiss et al . , J. Cell Biol. 
152: 563-578, 2001) expresses the MIC1 protein, tagged 
with the myc epitope at its C-terminal end, under the 
control of the sequences flanking, in the 5' position 
and 3' position, the Mic2 gene. 

The plasmid pM3MIC3 was constructed by cloning a 
PvuI/SacI fragment of 2072 bp of the vector pBlueMIC3, 
containing the Mic3 gene and its 5' and 3' flanking 
regions, between the SacI and Pad sites of the vector 
pT/2 3 0-TUB5/BLE (Soldati et al . , Mol . Biochem. 
Parasitol . 74: 87-97, 1995) containing an expression 
cassette expressing the phleomycin selection marker. 

Construction of the mutant strains mic3KO and micl-3KO, 
and of the complemented mutant strains mic3KO+MIC3 and 
micl-3KO+MICl-3 

The haploidy of the Apicomplex genome during the 
proliferative phase makes it possible to knock out the 
Mic3 gene in a single homologous recombination. 
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All the T. gondii used were produced in human 
fibroblasts (HFFs) cultured in Dulbecco's minimal 
medium (DMEM) supplemented with 10% of fetal calf serum 
(FCS) , 2 mM glutamine, 50 U/ml of penicillin and 
5 50 /ig/ml of streptomycin. They were harvested during 
lysis of the host cells. 

Strain mic3KO 

10 

The T. gondii strain used for the mutagenesis is the 
RHhxgprt" strain (Donald and Roos, 1998, mentioned 
above) , deficient for the hypoxanthine -xanthine -guanine 
phosphoribosyl transferase (HXGPRT) gene, and as a 
15 result, sensitive to mycophenolic acid. 

80-100 jig of plasmid pmic3KO-l purified and then 
linearized with Kpnl were added to 10 7 RHhxgprt" 
tachyzoites suspended in Cytomix electroporat ion medium 
20 (van den Hoff et al . , Nucleic Acids Res. 20: 2902, 
1992) , and the elect roporat ion was carried out in a 
4 mm-gap cuvette, in a volume of 800 /xl , on a BTX 
Electrocell Manipulator device (parameters: 2 kV, 
R = 48 ohms) . 

25 

After electroporation, the tachyzoites were deposited 
onto a monolayer of HFF cells in culture. For selection 
of the mutants, the day after the electroporation, the 
culture medium was supplemented with the selection 
30 agent (25 //g/ml of mycophenolic acid and 50 jug/ml of 
xanthine) and three passages in culture were carried 
out in this medium. 

Five days after the final passage, the parasites are 
35 cloned by limiting dilution, in the wells of a 96-well 
plate, of HFF cells, in the presence of selection 
agent, and the clones selected are amplified. 
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Strain micl-3KO 

The T. gondii strain used for the mutagenesis is the 
miclKO strain (Reiss et al . , J. Cell Biol. 152: 
563-578, 2001) , which derives from the RHhxgprt" strain 
described above, by deletion of the Micl gene, replaced 
with the gene encoding HXGPRT in the miclKO strain. 

80-100 fig of plasmid pmic3KO-2 purified and then 
linearized with Kpnl were added to 10 7 miclKO 
tachyzoites for an electroporation under the conditions 
described above . 

The mutants were selected and cloned as described 
above, in the presence of 2 0 /xM of chloramphenicol as 
selection agent. 

The mutants in which MIC3 was inactivated are called 
mic3KO, and those in which MIC1 and MIC3 were 
inactivated are called micl-3KO. 

Strain mic3KO+MIC3 

The expression of MIC3 was restored by cot ransf ect ion 
of the mic3K0 parasites with 100 fig of the vector 
pM3MIC3ty, and 10 fig of the plasmid pTUB/CAT. 

The selection was carried out in the presence of 2 0 fiM 
of chloramphenicol as described above. 

The mic3KO strain complemented with MIC3 is called 
mic3KO+MIC3 . 

Strain micl- 3KO+MIC1-3 

The expression of MIC1 and MIC3 was restored by 
cotransf ection of the micl-3KO parasites with 100 fig of 
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the vector pM2MIClmyc, and 10 ^9 of the plasmid 
pM3MIC3 . 

The mutants were selected and cloned as described 
5 above, in the presence of 10 /ig/ml of phleomycin as 
selection agent. 

The micl-3KO strain complemented with MIC1 and MIC3 is 
called micl-3KO+MICl-3 . 

10 

The total proteins of the mutants mic3KO # micl-3KO, 
mic3KO+MIC3, and micl - 3KO+M1C1 - 3 were analyzed by SDS- 
PAGE electrophoresis and Western blotting. After 
extraction of the total proteins by boiling of the 

15 cells in SDS buffer (in the absence or presence of 0 . 1M 
DTT) and separation on 10% polyacrylamide gels, the 
proteins were transferred onto a nitrocellulose 
membrane. The Western blots were labeled as described 
by Garcia-Reguet et al . (1998, mentioned above) using 

20 anti-MIC3 (T42F3 at 1:400) and anti-MICl (T101F7) 
monoclonal antibodies and then detected with goat anti- 
mouse IgGs conjugated to alkaline phosphatase (1:1000). 



The results are presented in figure 1 . 

25 

Legend of figure 1: 

1 = wild- type strain of Toxoplasma gondii RH 

2 = mutant mic3KO 

3 = mutant mic3KO+MIC3 

30 4 = mutant miclKO (Reiss et al . , 2001) 

5 = mutant miclKO+MICl (Reiss et al . , 2001) 

6 = mutant micl-3KO 

7 = mutant micl - 3KO+MIC1 - 3 
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The results show that the expression of MIC3 is 
undetectable in mic3KO (2) and micl-3KO (6), but is 
restored in mic3KO+MIC3 (3) and mici - 3KO+MIC1 - 3 (7) . 
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The expression of MIC1 is undetectable in miclKO (4) 
and micl-3KO (6) , but is restored in miclKO+MICl (5) 
and micl-3KO+MICl-3 (7) . 

5 These results were confirmed by immunofluorescence. The 
tachyzoites cultured overnight on a monolayer of HFF 
cells were washed in PBS and fixed with 4% formaldehyde 
for 20 min. After 3 washes, the infected HFF cells were 
permeabilized with 0.1% of Triton X-100 in PBS for 

10 10 min, the reaction was stopped with 10% of fetal 
bovine serum (FBS) for 30 min, and the cells were then 
incubated with the primary antibody (anti-MICl mAb 
T101F7, anti-MIC3 mAb T42F3) diluted in 2% FBS, for 
40 min, washed, and then incubated with a secondary 

15 antibody (goat ant i -mouse coupled to FITC, and Texas 
red goat anti-rabbit). The observations were made under 
a Leica DMRA2 microscope equipped for epif luorescence 
and the images were recorded with a Princeton coolSNAP 
CCD camera . 

20 

The results show that no MIC3 protein is detectable in 
mic3KO tachyzoites, whereas an expression of wild-type 
MIC3 is observed in the micronemes of the complemented 
strains (mic3KO+MIC3 , mici - 3KO+MIC1 - 3 ) . The 

25 complementation of MIC1 in miclKO+MICl and 
micl-3KO+MICl-3 results in a certain accumulation of 
MIC1 in the parasi tophorous vacuole and in the 
perinuclear space . 

3 0 EXAMPLE 2: EFFECTS OF THE INACTIVATION OF MIC1 AND/ OR 
MIC3 ON THE INFECTIOUS PROPERTIES OF T. GONDII 

The Toxoplasma gondii mutants described in example 1 
above were maintained by regular passages on HFF cells 
35 cultured in DMEM medium supplemented with 10% of fetal 
calf serum (FCS) , 2 mM glutamine, 50 U/ml of penicillin 
and 50 /xg/tnl of streptomycin. 
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Invas i ve capac i ty 

2 x 10 5 purified miclKO, miclKO+MICl, mic3KO and micl- 
3KO tachyzoites were added to HFF cells cultured on 
5 glass coverslips. The cells were fixed for 12 h and 
then stained using a methylene blue-eosin mixture (RAL 
555 kit) , and mounted under coverslips, permanently 
(Pertex, Microm, France) . The number of parasitic 
vacuoles, representing the invasive capacity of the 
10 parasite, was counted in 10 randomly selected fields 
per coverslip, and the data were presented as the mean 
of vacuoles per field originating from 4 coverslips, on 
the basis of 5 independent repetitions. 

15 The control was carried out under the same conditions 
with the RHhxgprt" strain, the invasive capacity of 
which is comparable to that of the wild-type RH strain 
of Toxoplasma, gondii. 

20 The results are presented in figure 2 (*** 
significantly less invasion, p < -0.001) . 

The results show that the invasive capacity of the 
miclKO parasites is decreased by approximately 50% 
25 compared with that of the control strain RHhxgprt". 

On the other hand, the invasive capacity of the mic3K0 
parasites and of those of the control strain is 
comparable (figure 2A) . The invasive capacity of the 
30 micl-3K0 parasites is not significantly different from 
that of the miclKO mutants (figure 2A) , indicating that 
MIC1 and MIC3 do not have an additive function in the 
invasion of fibroblasts by Toxoplasma gondii. 

35 The complementation of miclKO by MIC1 restores the 
invasive capacity to a level comparable to that of the 
control strain (figure 2B) . 
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Virulence 

The mice generally die 9 days after an intraperitoneal 
infection with 20 tachyzoites of the wild-type strain 
RH of Toxoplasma gondii. 

The study of the virulence of the miclKO, mic3KO, micl- 
3KO, miclKO+MICl, mic3KO+MIC3 and micl - 3KO+MI CI - 3 
mutants was carried out on a batch of 10 male OF1 mice, 
by intraperitoneal injection of 20 tachyzoites/mouse of 
the micl-3KO strain, and by following the outcome 
regarding the infected mice . 

The controls were carried out under the same conditions 
on a batch of 9 male OF1 mice, using the RHhxgprt" 
strain, the virulence of which is comparable to that of 
the wild-type strain RH of Toxoplasma gondii. 

The results are represented in figure 3. 

Legend of figures 3A, 3B and 3C: 

♦ = strain miclKO (A) ; strain mic3KO (B) ; strain 
micl-3KO (C) , 

■ = strain mic 1KO+MIC1 (A); strain mic3KO+MIC3 ; 

strain mici - 3K0+MIC1 - 3 (C) , 

A = strain RHhxgprt" (A, B and C) . 

All the mice infected with the RHhxgprt" strain died 
9 days after the infection. The mice infected with 
miclKO or mic3KO exhibit a slight delay in mortality 
(death of the mice between 9 and 22 days after 
infection) , which is not observed in the case of the 
mice infected with the complemented mutants miclKO+MICl 
and mic3KO+MIC3 . Just one of the mice infected with 
mic3K0 remained alive 44 days after infection, and this 
animal developed a T . gondii- specific antibody response 
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(results not shown) . These results indicate that the 
isolated inactivation of the Micl or Mic3 gene results 
in only a slight decrease in virulence in the mice. 

5 On the other hand, in the case of the mice infected 
with the micl-3KO strain, a virtually complete survival 
(90% survival 40 days after infection) is observed. The 
complementation of micl-3KO with MIC1 and MIC3 (strain 
micl-3KO+MICl-3) completely restores the virulence of 
10 the parasites. 

The mice were also infected with various amounts of the 
double mutant micl-3KO and the lethal dose (LD100) of 
micl-3KO was compared with that of the control strain 
15 RHhxgprt". While the LD100 at 9 days of the control 
strain is less than 20 tachyzoites, that of the 
micl-3KO strain is of the order of 2 x 10 3 tachyzoites. 

EXAMPLE 3: INVOLVEMENT OF THE ADHESION FUNCTION OF MIC3 
2 0 IN THE VIRULENCE OF TOXOPLASMA GONDII 

Determination of residues involved in the adhesion 
function of MIC3 

25 It has been shown (Cerede et al . , 2002, mentioned 
above) that the "chitin-binding- type domain" of MIC3 is 
essential for binding to the surface of the host cell. 

Various mutations were introduced into this domain, in 
30 order to determine the residues essential to the 
functionality of MIC3 . 

The mutations made are as follows: 

35 - substitution of one of the cysteine residues at 

positions 102 (mutant C102G) , 107 (mutant C107G) 
and 108 (mutant C108G) , with a glycine residue; 
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substitution of the proline residue at position 
103 with an alanine residue (mutant P103A) ; 
substitution of one of the serine residues at 
positions 109 (mutant S109A) and 130 (mutant 
S130A) with an alanine residue; 

substitution of one of the tyrosine residues at 
positions 96 (mutant Y96A) , 135 (mutant Y135A) and 
141 (mutant Y141A) , with an alanine residue; 
substitution of one of the phenylalanine residues 
at positions 97 (mutant F97A) , 121 (mutant F121A) 
and 128 (mutant F128A) , with an alanine residue; 
substitution of the tryptophan residue at position 
126 with an alanine residue (mutant W126A) . 

15 The positions of the mutations are indicated with 
reference to the polypeptide sequence of the precursor 
of MIC3 (Genbank CAB56644) . 

The mutations were created by site-directed mutagenesis 
20 by PCR (Quickchange® , Stratagene) of the sequence 
encoding the mature form of MIC3 , contained in the 
plasmid pOC2 (Cerede et al . , 2002, mentioned above) . 

The plasmids obtained are respectively called pC102 
25 (mutant C102G) , pC107 (mutant C107G) , pC108 (mutant 
C108G) , pP103 (mutant P103A) , pS109 (mutant S109A) , 
pS130 (mutant S130A) , pY96 (mutant Y96A) , pF97 (mutant 
F97A) , pF121 (mutant F121A) , pW126 (mutant W126A) , 
pF128 (mutant F128A) , pY135 (mutant Y135A) , and pY141 
30 (mutant Y141A) . 

The . plasmids were purified using the Qiagen kit® 
(Qiagen) , and the presence of the expected mutations 
was verified by sequencing. 

35 

The mutant MIC3 proteins were expressed by transfection 
of BHK-21 cells (Baby Hamster Kidney, ATCC CCL-10) 
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cultured in BHK-21 medium (Gibco-BRL) supplemented with 
5% fetal calf serum (FGS) , 2 mM of tryptose, 100 U/ml 
of penicillin and 100 /xg/ml of streptomycin. 

5 For each plasmid, 3 x 10 5 BHK-21 cells, cultured 
beforehand on coverslips for 24 h in 24 -well plates, 
were transfected with the purified plasmid, using 
Lipof ectamine® , according to the conditions recommended 
by the manufacturer (Gibco-BRL) . The cells were 
10 cultured for a further 24 h before analysis. 

The binding properties of the mutant MIC3 proteins were 
studied by analyzing their localization in the 
transfected BHK-21 cells. The transfected BHK-21 cells 

15 were fixed with 3% paraformaldehyde in PBS for 15 min, 
and then washed and permeabilized with 0.1% of Triton 
X-100 in PBS for 10 min. The coverslips bearing the 
cells were then washed in PBS containing 0.5% of BSA, 
and incubated for 1 h in the same buffer containing an 

20 anti-MIC3 antibody (T82C10, 1:200) or anti-V5 antibody 
(1:500), and then for 1 h with a goat IgG conjugated to 
TRITC (Sigma, 1:400), with several washes in PBS 
between each incubation. The coverslips were then 
washed and mounted on microscope slides . The 

25 visualization was carried out using an epi fluorescence 
microscope . 

Four categories of mutants were defined according to 
their localization . 

30 

In the first category (mutants C102G, C107G, C108G, 
Y141A, F121A) , the protein is retained in the secretory 
system; in the second category (Y135A, Y96A, F97A, 
S109A, P103A) , the protein is secreted normally and 
35 binds to the surface of the transfected cells, as does 
the mature wild-type MIC3 protein; in the third 
category (W126A, Y128A) , the protein is secreted 
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normally but does not bind to the surface of the 
transfected cells; in the fourth category (S130A) , the 
protein is secreted normally and binds to a network of 
cellular material deposited by the cells at the surface 
5 of the glass plates. 

These results show that all the mutations affecting a 
cysteine residue result in a major secretion 
deficiency; the corresponding mutant MIC3 proteins 
10 accumulate in the form of large perinuclear vesicles, 
indicating that these proteins are incorrectly folded 
or incompletely assembled. This result is coherent with 
the role of cysteines in the folding of the domain. 

15 As regards the other substitutions, the two mutations 
F121A and Y141A also affect the leaving of the 
proteins. The other mutants (Y135A, Y96A, F97A, S109A, 
P103A, W126A, F128A, S130A) are all expressed in dimer 
form and secreted. Two of them (W126A, Y128A) do not 

20 bind to the transfected BHK-21 cells. Due to the loss 
of these binding properties, these two mutants are 
abundantly secreted into the supernatant. In the case 
of the S130A mutant, the labeling with the anti-MIC3 
antibodies is not associated with the plasma membrane 

25 of the transfected cell, as in "the case of the wild- 
type MIC3 protein, but with the intercellular space, as 
if the R-MIC3 S130A protein was bound to the cellular 
material deposited onto the plates. 

3 0 These results show that the two aromatic residues W12 6 
and Y128 are involved in the interaction with the 
receptor of the host cell's surface, and that the 
residue S130 could also contribute to the binding 
properties of MIC3 by participating in the specificity 

35 of interaction. 
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Involvement of the residues W126 and Y12 8 in the 
virulence of T . gondii 

To study the role of the adhesion function of MIC3 in 
5 the virulence of T. gondii, experiments consisting of 
complementation of the double mutant strain micl-3KO 
with the mutants W126A and F128A were carried out. 

The plasmids pM3MIC3W12 6A, pM3MIC3 F12 8A and 

10 pM3MIC3Y135A were constructed from the plasmid pM3MIC3 . 
These plasmids bear the phleomycin selection gene, and 
express the mutants W126A, F128A and Y135A, 
respectively. The presence of the expected mutations 
was verified by sequencing. 

15 

The micl-3KO strain was transfected with the plasmid 
pM3MIC3W126A (strain micl - 3KO+MIC3W12 6A) or 

pM3MIC3F128A (strain micl - 3KO+MIC3F12 8A) . The strain 
micl-3KO+MIC3 and the strain micl-3KO transfected with 
20 the plasmid pM3MIC3Y135A (rnicl-3KO+MIC3Y135A) were used 
as positive binding controls. 

The expression of the MIC3 proteins in the various 
strains was analyzed by Western blotting, and their 

25 binding properties were analyzed by cell blotting. The 
cell blotting was carried out with a duplicate of the 
nitrocellulose sheet used for the Western blotting, 
incubated with a suspension of Mode-K cells (Vidal et 
al . , J. Immunol. Methods 166: 63-73, 1993) cultured in 

30 RPMI medium (Bio Whittaker) supplemented with 5% of 
fetal calf serum (FCS) , 25 mM of Hepes, 2 mM of 
glutamine, 100 U/ml of penicillin and 100 /xg/ml of 
streptomycin. 

35 The results are presented in figures 4A (Western 
blotting) and 4B (cell blotting) . 
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Legend of figures 4A and 4B: 

1 = wild-type strain of Toxoplasma gondii RH 

2 = strain micl - 3KO+MIC3 

3 =• strain micl -3KO+MIC3W126A 
5 4 = strain micl -3KO+MIC3F128A 

5 = strain micl - 3KO+MIC3 Y13 5A 

The results of the Western blotting show the expression 
of MIC3 proteins in all the strains. All these proteins 
10 migrate at the size expected for a dimer under reducing 
conditions. However, the W126A and Y135A proteins 
migrated faster than the others, which suggests a 
conformational modification. 

15 The results of the cell blotting show that, as 
expected, the cells bind strongly to native MIC3 (1) , 
MIC3myc (2) and to MIC3 Y135A (5) . On the other hand, 
the cells are incapable of binding to MIC3 W126A (3) 
and MIC3 F128A (4) . Furthermore, the conformational 

20 modification of MIC3 Y135A does not affect its binding 
properties . 

The strains micl - 3KO+MIC3W12 6A, micl-3KO+MIC3F128A and, 
as a control, micl-3KO+MIC3Y135A were used to analyze 
25 the involvement of the adhesion function of MIC3 in the 
virulence in mice. 

Analysis of the virulence of the strains 

3 0 The virulence test was carried out as described in 
example 2: 20 tachyzoites of each parasite were 
injected intraperitoneally into male OF1 mice (batch of 
11 to 20 mice) , the survival of which was followed for 
40 days. The results are presented in figure 5. 

35 

Legend of figure 5: 
♦ =' strain micl-3KO 
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■ = strain miclKO 
A = strain micl-3KO+MIC3 
o = strain micl - 3KO+MIC3Y13 5A 
+ = strain micl - 3KO+MIC3F12 8A 
5 x = strain micl - 3KO+MIC3 W12 6A . 

As expected, the mice infected with micl - 3KO+ MIC3 
behave in the same way as the mice infected with 
miclKO, and die according to similar kinetics in 9-26 
10 days. The survival of the mice infected with the strain 
micl-3KO+IVIIC3Y135A is greater (which may be due to a 
partially defective targeting of the MIC3 Y135A protein 
into the parasitophorus vacuoles) . 

15 On the other hand, a survival of respectively 83.3% and 
95% of the mice infected with the strain 
micl-3KO+MIC3W126A and micl - 3KO+MIC3F12 8A is observed 
40 days after infection. 

20 These results show that the host-cell -binding function 
of MIC3 is essential for the virulence of the parasite. 

EXAMPLE 4: PROTECTIVE CHARACTERISTICS OF THE micl-3KO 
MUTANT 

25 

Experiments consisting of vaccination against 
Toxoplasma, gondii by means of the micl-3KO mutant were 
carried out on mice and ewes. 

3 0 I- In mice 

Experimental protocol 

Batches of 9. 5 -week old male 0F1 mice were treated as 
35 follows: 

21 mice (batch 1) received the micl-3KO mutant; 
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21 mice (batch 2) received the micl-3KO mutant 
and were then reinfected approximately 1 month 
later with the cystogenic Toxoplasma gondii 
strain 76K; 

5 10 mice (batch 3) were infected with the 

cystogenic Toxoplasma gondii strain 76K at the 
time of the reinfection of batch 2 . 

At DO, the mice of batches 1 and 2 received 20 
10 tachyzoites of the micl-3KO mutant intraperitoneally . 

At D14, the infection of the mice was verified by 
searching for the presence of ant i- Toxoplasma gondii 
IgGs, using total extract of toxoplasma (strain RH) . 

15 

At D37, the mice effectively immunized (presence of 
ant i- toxoplasma IgGs) of batch 2 (8 mice) and of 
batch 3 (8 mice) were fed by gavage with 70 cysts of 
the Toxoplasma gondii strain 76K. 

20 

At D61, the mice of the three batches were sacrificed. 
The presence of anti-MIC3 IgG, due to the infection 
with Toxoplasma gondii 76K (since the micl-3K0 vaccine 
strain does not express this protein) , was sought and 

2 5 the brain cysts were counted in the ground brain 

material from these mice (counting on a Malassez cell; 
detection limit is 30 cysts per brain) . 

Eight 15 -week-old naive 0F1 male mice were fed by 

3 0 gavage with 1/3 of the brain from each of the 8 mice of 

batch 2 (control for the absence of brain parasites) . A 
control mouse received 60 cysts of the Toxoplasma 
gondii strain 76K derived from a mouse of batch 3 
(positive control). 

35 

At D82, the presence of anti-MIC3 IgGs was sought in 
the mice fed by gavage at D61. 
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At D103, the mice were sacrificed and the brain cysts 
were counted. 

5 Results 

At D14 

Out of the 42 mice of batches 1 and 2, 8 died around 
10 D10, during the acute phase of infection (which 
reflects the high sensitivity of the mice to the 
residual virulence of the MIC1-3KO mutant) . The 
verification of infection by detection of IgGs directed 
against the parasitic antigens shows that 16 mice are 
15 negative and therefore uninfected. Batches 1 and 2 are 
therefore reduced to 10 and 8 mice, respectively. 

At D61 

2 0 Search for anti~MIC3 IgGs 

No anti-MIC3 IgG was detected in the serum of the mice 
of batch 1 (negative control) , whereas the presence of 
anti-MIC3 IgG was detected in the serum of the mice of 
25 batch 3 (positive control) . The presence of anti-MIC3 
IgG was detected in the serum of the mice of batch 2, 
with the exception of one mouse, which exhibits a very 
weak response. 

3 0 Counting of brain cysts 

Upon microscopic examination, the brains of the mice of 
batch 1 do not contain any brain cysts (negative 
control) , whereas brains from the mice of batch 3 
35 contain from 2250 to 7250 cysts/brain, i.e. an average 
of 4037 cysts/brain (positive control) . In the mice of 
batch 2, 7 mice do not contain any brain cysts and one 
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mouse contains 30 brain cysts (i.e. a single cyst 
observed out of 16 counts of 10 /zl on a Malassez cell) . 

At D82 

5 

The naive mice fed by gav'age with the brains from the 
mice of batch 2 exhibit anti-MIC3 IgGs . The control 
mouse which received 60 cysts of the Toxoplasma, gondii 
strain 76K derived from a mouse of batch 3 also 
10 exhibits anti-MIC3 IgGs. 

At D103 

The naive mice fed by gavage with the brains from the 
15 mice of batch 2 exhibit, respectively, 500, 375, 1000, 
250, 165, 125, 310 and 375 brain cysts. By way of 
comparison, the control mouse which received 60 cysts 
of the Toxoplasma gondii strain 76K exhibits 2250 brain 
cysts . 

20 

Conclusion 

The mice immunized with the micl-3KO mutant form 
virtually no brain cysts during a re-infection with the 
25 Toxoplasma gondii strain 76K (99.9% protection). 

On the other hand, several of the brains of reinfected 
mice are infectious, orally, and therefore the 
immunization with the micl-3KO vaccine strain is not 
30 completely sterilizing when there is a reinfection. 

II - In sheep 

Experimental protocol 

35 

On DO , 2 ewes were vaccinated subcutaneously with 
2 x 10 6 micl-3KO mutant parasites. The vaccination 
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caused only a transient fever of 41°C (normal 
temperature = 39°C) at D2-3. 

On D4 7 , the ewes were entered into reproduction. 

5 

On D133 , the vaccinated ewes were subjected to the 
challenge infection by administration, per os, of 
400 oocysts, at 86 days of gestation. A control group 
consisting of 7 non- vaccinated ewes was subjected to 
10 the same challenge infection. 

From D133, the ewes were placed under daily clinical 
observation. 

15 Results 

The 2 vaccinated ewes gave birth to a clinically 
healthy lamb on D196. 

2 0 In the non- vaccinated control batch, the 7 ewes 

aborted, respectively at D141 (1) , D143 (2) , D145 (1) , 
D153 (1) , D173 (1) and D183 (1) . 

Ill- Conclusion 

25 

Vaccination with the micl-3KO mutant protects the 
animals against the formation of brain cysts during a 
possible re-infection. This protection reflects the 
ability of the vaccinated subject to considerably 

3 0 eliminate the scope of an infection with a natural 

strain and therefore to also limit, in the case of a 
gestating female, the transplacental passage which is 
the source of economic losses due to Toxoplasma, gondii. 

35 Moreover, the considerable decrease in the cystic load 
considerably minimizes the possibility of transmission 
by consumption of the meat from the vaccinated animals, 
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and therefore makes it possible, ultimately, to reduce 
the general prevalence of Toxoplasma, gondii infection. 
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CLAIMS 

1. A mutant strain of an Apicomplex of the family 
Sarcocystidae , characterized in that it comprises a 

5 mutation which inactivates the adhesin MIC1 and a 
mutation which inactivates the adhesin MIC3 . 

2. The mutant strain as claimed in claim 1, 
characterized in that it is a strain of toxoplasma. 

10 

3. The mutant strain as claimed in claim 2, 
characterized in that it is a strain of Toxoplasma, 
gondii . 

15 4 . The use of a mutant strain as claimed in any one 
of claims 1 to 3, for obtaining a vaccine. 

5. The use as claimed in claim 4, characterized in 
that said vaccine is an ant i - toxoplasmosis vaccine. 

20 

6. A vaccine comprising a mutant strain as claimed in 
any one of claims 1 to 3 . 
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SEQUENCE LISTING 

<110> Institut National de la Recherche Agronomique 
Centre National de la Recherche Scientifique 
UNIVERSITE FRANCOIS RABELAIS 



<120> APICOMPLEX VACCINE STRAINS OF THE FAMILY SARCOCYSTIDAE 

<130> MJPbv539/l20 

<160> 6 

<170> Patentln version 3.1 

<210> 1 

<211> 27 

<212> DNA 

<213> Artificial sequence 
<220> 

<223> PCR Primer: ML 9 

<400> 1 

gtgtaagctt cagcgagtct ctgagag 

<210> 2 

<211> 32 

<212> DNA 

<213> Artificial sequence 
<220> 

<223> PCR Primer: ML10 

<400> 2 

ggggtaccga gctcatgagc agaagctgcc ag 



<210> 3 

<211> 32 

<212> DNA 

<213> Artificial sequence 
<220> 

<223> PCR Primer: ML23 

<400> 3 

ctgaattcag atcttaccag tgttggacaa gg 



<210> 4 

<211> 31 

<212> DNA 

<213> Artificial sequence 
<220> 

<223> PCR- Primer: ML24 
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<400> 4 

ggggtacccc ttgctaggta accactcgtg c 

<210> 5 

<211> 36 

<212> DNA 

<213> Artificial sequence 
<220> 

<223> PCR Primer: ML 11 

<400> 5 

gcacaattga gatctaaaat gcgaggcggg acgtcc 

<210> 6 

<211> 41 

<212> DNA 

<213> Artificial sequence 
<220> 

<223> PCR Primer: ML15 



<400> 6 

tgctatgcat tcctaggctg cttaattttc tcacacgtca 
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